A phantom surface is a stereoscopic illusory area that can be seen in depth although there is no conventional stereoscopic cues [Liu, L., Stevenson, S.B., & Schor, C.M. (1994). Quantitative stereoscopic depth without binocular correspondence. Nature, 367, 66-69;. Quantitative depth for a phantom surface can be based on cyclopean occlusion cues alone. Vision Research, 39, [109][110][111][112]. The phenomenon has been explained as an example of half-occlusion processing in which the visual system uses information about cyclopean occlusion structure of the visual world. We created stereo capture stereograms in which phantom surfaces changed the perceived depth of conventionally defined binocular textures. Because conventional stereoscopic matching is strongly affected by half-occlusion processing, we suggest that half-occlusion processing is an integral part of the early stereoscopic processing and solving of the correspondence problem.
Introduction
To construct a three-dimensional perception from the differences in the views of the left and right eye, the processes of stereo vision have to determine, which image in the left eye corresponds to a certain image in the right eye. Usually it is assumed that there have to be elements both in the left and right eye, because otherwise it seems meaningless to talk about correspondence. Contrary to this basic assumption of stereo vision research, it has been found out that noncorresponding areas are more than meaningless noise. Monocular areas that can be interpreted as half-occluded by an adjacent binocular structure affect the stereoscopic segmentation of a scene (da Vinci, 1989; Szily, 1921 Szily, /1998 . For example, the visual system can localize an ambiguous monocular object by using halfocclusion assumptions (Kaye, 1978; Häkkinen & Nyman, 1996) . Also, half-occlusions affect binocular fusion (Gillam & Borsting, 1988) , rivalry , matching (Anderson, 1994; Anderson & Nakayama, 1994) , three-dimensional slant processing (Häkkinen & Nyman, 1997; Gillam, Blackburn, & Nakayama, 1999) and volumetric perception (Idesawa, Iwamoto, Hara, & Sakaguchi, 1997) . Liu, Stevenson, and Schor (1994) have presented a variation of this phenomenon called phantom stereopsis (Fig. 1a) in which the surface is seen in front of background although the stereogram does not contain matching features for conventional stereopsis. However, later it has been argued that conventional disparity processing may account for the perceived depth in the phantom stereopsis stereograms of Liu et al., because the stereograms contain contours that may be matched (Gillam, 1995) . To check the possibility of conventional matching process, Liu, Stevenson, and Schor (1997) have modelled the matching process with Gabor filters. According to their results, oblique Gabor filters create matchable features to the corner areas of the central rectangle (Fig. 1a) and thus could explain the three-dimensional perception. However, have presented a new variation of this phenomenon in which the possible cues for conventional disparity processing have been removed. In their stereogram (Fig. 1b) the phantom surface appears with a simpler stereogram that consist of lines and does not contain corners that could be a cue for conventional stereo matching. Gillam and Nakayama conclude in their article that cyclopean occlusion cues alone can produce a perception of illusory surface in front of background.
Because the experiments suggest that half-occlusion processing is independent from conventional stereopsis, the interaction of binocular and monocular elements is an interesting research question. The studies on this topic have usually investigated how binocular objects affect monocular objects (Kaye, 1978; Häkkinen & Nyman, 1996) , but there are no studies on the effect of monocular objects on binocular objects. The reason for this may be the assumption that unambiguous binocular objects always determine the position of highly ambiguous monocular objects (Gogel, 1956) . However, this assumption may not always be valid. If the binocular object has multiple depth interpretations, i.e. it contains a large amount of matching ambiguity, it may be affected by a monocular object that can be interpreted as a depth discontinuity. One way to increase the ambiguity is to create a binocular periodic texture that has multiple matching solutions. Each of these matches corresponds to a plane of depth, so the perceived three-dimensional position of the central dots is changed easily. Because of its ambiguity, the periodically textured wallpaper stereogram can be used as a sensitive indicator of interactions in stereopsis and could be used to demonstrate a phenomenon in which a monocular area changes the perceived depth of a binocular area (Julesz & Chang, 1976; Mitchison & McKee, 1985; Ramachandran & Cavanagh, 1985; Papathomas & Julesz, 1989; Ishigushi & Wolfe, 1993) . Ramachandran and Cavanagh (1985) demonstrated that a Kanizsa illusory surface that contains disparity pulls wallpaper texture bounded by the illusory surface to the same depth level. They also showed that other objects, like thin line corners, do not capture background texture. Later it has been demonstrated that a monocular illusory surface is not a necessary condition for the capture (Mather, 1989) and that slanted illusory surfaces can also capture textures (Häkkinen, Liinasuo, Kojo, & Nyman, 1998) . In our experiment we measured whether phantom surfaces can capture ambiguous wallpaper dots. To test the capture effect we created phantom versions of ordinary Kanizsa surfaces. In a phantom Kanizsa surface the vertical parts of two inducing figures have been removed in one half-image so that it is not possible to match the vertical cut-out sectors that usually create the perception of three-dimensional illusory surface. If a three-dimensional illusory surface is perceived in a phantom Kanizsa figure it is either due to a half-occlusion interpretation made possible by the monocular areas or because the corner areas are matchable features. Because of the latter alternative, we also tested phantom surfaces induced by lines ( Fig. 4a ; and phantom Kanizsa stereograms without a corner matching possibility ( Fig. 8a and b ).
General methods

Stimuli
Capture stereograms in Fig. 2a-Fig. 9d were used as stimuli. Each configuration was shown as crossed and uncrossed versions, so the total number of different capture stereograms was twice the number of configurations. Each dot in the display was 1 ×0.9 arc min (horizontal× vertical). The dots were spaced 6 arc min horizontally and 5.4 arc min vertically. The diameters of the circular inducing figures were 25 ×24.3 arc min. The disparity of the illusory surface was 6 arc min in Fig. 2a and Fig. 3a . A frame surrounded the stereogram. The horizontal edges of the frame were 161× 6.3 arc min and vertical edges were 7×144.9 arc min.
A comparison probe (3× 21.6 arc min) was located 11 arc min vertically under the frame of the capture stereogram. The comparison probe was given one of eleven equally spaced disparities between 2 arc min uncrossed to 8 arc min crossed disparity. Each stimulus condition was repeated 25 times.
Apparatus
The stimuli were presented on a 21-in. Nokia 445× multigraph screen and were viewed through circular apertures (diameter 16°) with a mirror stereoscope. The viewing distance was 1 m. The subjects placed their heads in a chinrest with a headstop. When the rightmost stereo-pair is viewed with diverging eyes, the phantom surface appears above the black rectangle. In the leftmost stereo-pair, the phantom surface is seen further away than the black area. If the stereograms are viewed with converging eyes, the stereoscopical appearances are the opposite, i.e. rightmost stereopair produces far phantom surface and leftmost produces near phantom surface. (b) A line induced phantom rectangle is perceived in this stereogram although possible cues for conventional stereopsis have been reduced . 
Procedure
The task of the subject was to report whether the dots in the central part of the capture stereogram or the comparison bar appeared to be nearer. Subjects indicated their decision by pressing one of two buttons in a computer keyboard. Viewing time was not limited. A fixation stimulus was presented before each target stimulus. The fixation stimulus consisted of a frame and a fixation cross with nonius lines. The subject was asked to align the lines if they appeared to be nonaligned. Subjects fixated the cross for 2 s. A flash occurred at 
Stimuli
Eight capture configurations shown in Fig. 2a - Fig.  4d were used as stimuli. Each configuration was shown as crossed and uncrossed versions, so the total number of different capture stereograms was sixteen With 25 repetitions the complete experiment consisted of 4400 stimuli (16 capture configurations× 11 probe positions×25 repetitions). Because each capture stereogram was shown with 11 different probe positions, each capture configuration was shown 275 times.
Results
In a conventional capture stereogram (Ramachandran & Cavanagh, 1985) disparity is introduced to the cut-out sectors of the inducing figures and the dots that are pulled to the same depth level with the illusory surface (Fig. 2a) . According to Ramachandran and Cavanagh capture occurs only if the disparity in the corner elements equals the interdot spacing. Furthermore, the effect is also depth asymmetric, i.e. stereo capture is different in near and far depth. In near depth all the central dots are pulled in front of the background but in far depth only the dots inside the corners localize further away. Our results (Fig. 2c ) confirm Ramachandran's results. The filled symbols represent the configuration in which the illusory surface was in near depth and the unfilled symbols correspond to the far configuration. The x-axis indicates the depth of the comparison probe and the y-axis shows the percentage of cases in which the central dots were perceived nearer than the comparison probe. In the near configuration the central dots were usually seen nearer than the comparison probe until a depth of 5-7 arc min where the results drop below 75% level. This corresponds to the stimulus in which the disparity of the illusory surface and captured dots was 6 arc min. On the other hand, the results from the far configuration show that the central dots were not usually seen nearer than the probe until the disparity of the probe was 2 arc min uncrossed to 0 arc min. In other words, the central dots were usually seen in the fixation plane. However, the results in the far configuration are completely different in one subject. In his case the curve does not rise near 0 arc min disparity but stays near 0% level. One possible interpretation of the result is that the subject perceived stereo captures to a far direction in the stereogram. This hypothesis cannot be confirmed with the current experiment because the depth probe was not localized further in uncrossed disparity.
Although stereo capture has been studied in numerous experiments, the significance of horizontal and vertical supporting bars in capture stereograms is not known. The bars probably have an enhancing effect on capture for at least three reasons. Firstly, the bars are additional inducing elements, so they probably clarify the end of the 2-s period. After the flash, subjects proceeded to the target stimulus by pressing a button in the keyboard. Before the actual experiment, the subjects performed one practice session (308 stimuli).
Experiment 1
3.1. Methods
Subjects
Three students and the first author served as subjects. The subjects had normal or corrected-to-normal vision. The students were paid for their participation and were not aware of the purpose of the experiment. Before the experimental session, each subject was shown a test stereogram, which consisted of rectangles. Subjects not able to perceive the testwere excluded from the experiment. All subjects were able to perceive the test. the illusory edge (Shipley & Kellman, 1992) . Secondly, the bars may reduce matching ambiguity of the periodic dot texture, thus diminishing the possibility of horizontal spreading over the illusory contour. Thirdly, the horizontal bars may interact with the disparate illusory edge to produce an additional cue for three-dimensional discontinuity. The discontinuity cue is produced because the horizontal lengths of the horizontal supporting bars are different in the left and right eye. According to (Ogle, 1950 ) a horizontal size difference, i.e. geometric effect results in a perception of three-dimensional slant around a vertical axis. Later it has been demonstrated that the geometric effect is actually ambiguous, because three-dimensional discontinuity can produce similar retinal images (Häkkinen & Nyman, 1997) . Furthermore, if a slanted surface and another surface are horizontally adjacent so that the slant extends from the edge of the surface to far depth, the perceived slant is reduced Grove, Ono, & Kaneko, 1999) . In the capture stereograms the vertical illusory edge in near depth and the horizontal bar which is of different size in left and right eyes constitute identical configurations. The resulting discontinuity percept may increase the clarity of illusory contours similar to the way a monocular object cueing depth discontinuity enhances an illusory edge in da Vinci stereopsis ). Because the bars' possible enhancing effects may have a significant role in producing stereo capture when the capture is otherwise weak or ambiguous, we wanted to test their role in our experimental stereograms. Fig. 2b is the conventional capture stereogram without horizontal and vertical supporting bars. The results in Fig. 2d demonstrate that stereo capture was still perceived when the supporting bars were removed. However, the depth asymmetry was clearly reduced and it seems that all naïve subjects perceived the central dots in far disparity, i.e. far capture occurred. This effect seems paradoxical, because removing bars reduces cues that signal the depth location of the illusory edge. However, removal also increases the matching ambiguity near the vertical illusory edge and thus this might increase the possibility to see the dots in far depth. There are also other reports of capture to far direction in certain conditions (Wu, Zhou, Qi, & Wang, 1998) , but the exact reason for this effect has not been thoroughly investigated.
After replicating the stereo capture effect we created a phantom Kanizsa stereogram in which segments of the inducing figures were removed so that only a monocular half-occlusion cue for depth remained. The principle behind the phantom Kanizsa surfaces is similar to that of the original phantom surfaces by (Liu et al., 1994) , i.e. the corresponding vertical edges that can be binocularly matched were removed. One version of the stereogram contained supporting horizontal and vertical bars (Fig. 3a) and in the other version they were removed (Fig. 3b) .
According to the results, capture was perceived in both versions of the phantom Kanizsa stereogram ( Fig.  3c and d) . The near capture seems particularly strong with phantom Kanizsa surfaces, since two curves do not bend below 75% border and two curves barely go below the 75% level. The results could be interpreted as a demonstration that phantom Kanizsa surface is perceived nearer than a conventional Kanizsa surface. This is consistent with the idea that matching occurs between the vertical cut-out sector and the matching feature created by the corner of the other inducing figure. On the other hand, when the supporting bars were removed (Fig. 3b) the strength of near capture was slightly diminished (Fig. 3d) . Removing the bars increases matching ambiguity and depth spreading over the vertical illusory edge and the results may reflect the increased unstability in matching. This hypothesis is supported if the near configurations of the traditional capture stereogram and phantom Kanizsa figure are compared. The removal of supporting bars has a stronger effect in the phantom Kanizsa configuration, because the phantom illusory surface has larger depth both in terms of binocular disparity and dot period and thus the tendency to consider other matching solutions increases.
Because a phantom Kanizsa surface may contain cues for conventional stereoscopic matching, we created line phantom surfaces similar to those used by . In these stereograms the illusory surface is perceived, because parts of the inducing bars in each half-image are seen monocularly and consequently they act as a half-occlusion cue (Fig. 4a) . We measured the effect of supporting bars, so one configuration contained both horizontal and vertical bars (Fig.  4a) , the second version contained only vertical bars (Fig. 4b) , the third only horizontal bars (Fig. 4d) and the last one no additional supporting bars (Fig. 4d) .
The results (Fig. 5a-d) show that phantom surfaces induced by lines produced clear stereo capture. When both supporting bars were present (Fig. 4a) , the capture effect was strongest (Fig. 5a ) but removing bars did not change the result significantly ( Fig. 5b-d) . The line phantom stereograms also produced clear depth asymmetric results in which the far phantom surface did not capture the central dots in a far direction.
Experiment 2
Introduction
In experiment 1 we demonstrated that phantom surfaces induced by phantom Kanizsa figures and line phantom surfaces can capture binocular dots to near depth. The result with phantom Kanizsa surfaces could be explained by the theory of Liu et al. (1997) according to which the corner areas are matchable features. This explanation does not apply to line phantom stereograms, where the possibility of corner matching is reduced, so phantom capture requires additional explanatory principles. One important factor might be the linking of monocular and binocular areas, which occurs when there are sufficient continuity cues from monocular to binocular area. Monocularity does not contain cues for depth localization, but when presented with an accompanying binocular area, the depth ambiguity is greatly reduced and the localization becomes easier. For example, in da Vinci stereopsis the half-occlusion interpretation of a monocular object reduces the localization ambiguity of the object , but the perceived depth position of the monocular object is still unstable. However, in phantom Kanizsa and line phantom surfaces the monocular area can be unambiguously localized because the adjacent binocular elements can be seen as continuations of the monocular part. The increased stability of the monocular areas may be the reason for the possibility of rematching initiated by monocular areas. If this is the case, phantom stereopsis could be defined as a half-occlusion cue in which the monocular area can be linked to a binocular area. Thus, reducing the possibility of binocular-monocular linking should disrupt stereo capture.
To test this, we created phantom surfaces in which continuation cues were reduced. Pilot experiments demonstrated that line phantom stereograms without binocular parts are difficult to use because the stereo system tries to fuse the monocular components and thus makes it difficult to study effects initiated by the monocular elements. On the other hand, phantom Kanizsa stereograms contain more inducing components, so stereograms with reduced binocular-monocular continuity are easier to design. The basic idea of reduced monocular-binocular discontinuity is demonstrated in Fig. 6 . In normal capture stereoscopic matching occurs between the vertical cut-out sectors (Fig. 6a ) and in phantom capture matching occurs between the vertical cut-out sector and the corner of other inducing figure (Fig. 6b) . If an additional sector is removed from the figure (Fig. 6c) , the matching should 
Results
We used a normal stereo capture figure as a baseline for all subjects and the results showed that all subjects perceived stereo capture and depth asymmetry (Fig. 7) . We then tested stereo capture with phantom Kanizsa surfaces in which the binocular-monocular linkage was weakened by removing sectors from inducing figures. Surprisingly, the results show that near capture was still perceived when the linkage was removed (Fig. 8c) . However, when the supporting bars were also removed, capture was disrupted, suggesting a strong capture effect by supporting bars alone (Fig. 8d) . The result indicates that a monocular area that cannot be segmented with a binocular area is only a weak capturing element, that does not produce a stable and clear percept of stereo capture.
To further reduce the continuity cues, we removed the binocular parts of the circular inducing figures completely and varied the presence of the supporting bars ( Fig. 9a-d) . According to the results, capture was not perceived in any of these figures (Fig. 10a-d ). This suggests that monocular elements without binocular linkage cannot capture binocular objects.
General discussion
Our experiments demonstrate that a phantom surface induced by monocular areas can affect the perceived depth of textures defined by conventional disparity. However, in order that monocularly defined areas can capture binocular areas, the monocular areas have to be linked to binocular figures so that the localization ambiguity of the monocular areas is reduced. By linking we mean that two surface patches, one monocularly occluded and other not, appears as one continuous surface. Furthermore, the monocular area inherits the binocular properties of the binocular area and begins to function as part of the binocular area. The effect of binocular-monocular linkage widens the possible role of monocular areas in depth segmentation. Previously it has been demonstrated that horizontally adjacent binocular areas that can be interpreted as a half-occluder affect the depth interpretation of monocular areas . This has lead to the idea that monocular objects are always ambiguous with respect to depth magnitude and in a typical experiment the effect of a binocular object on a monocular object has been measured (Kaye, 1978; Häkkinen & Nyman, 1996) . However, the assumption of ambiguity is not applicable to all configurations as our experiment shows and consequently the significance of binocular-monocular interactions is wider. If a monocular area can be linked to a binocular area during fusion, as in phantom surfaces, occur between the identical binocular parts of the inducer and no capture should occur. On the otherhand, if the monocular area that can be interpreted as a half-occlusion affects the capture, capture should be perceived.
Methods
Subjects
Four students served as subjects. The subjects had normal or corrected-to-normal vision. They were paid for their participation and were not aware of the purpose of the experiment. Before the experimental session, each subject was shown a test stereogram that consisted of rectangles. Subjects, not able to perceive depth in the test, were excluded from the experiment.
Stimuli
Seven capture configurations shown in Fig. 2a and Fig. 8a-Fig. 9d were used as stimuli. Each configuration was shown as crossed and uncrossed versions, so there were 14 different capture stereograms. With 25 repetitions the complete experiment consisted of 3850 stimuli (14 capture configurations×11 probe positions ×25 repetitions). Because each capture stereogram was shown with 10 different probe positions, each capture stereogram was shown 275 times. the ambiguity of the monocular area is reduced and it can have a strong effect on depth segmentation.
Reduced ambiguity due to binocular -monocular linking might be the underlying reason for several stereo segmentation phenomena. Firstly, the quantitative variation problem discussed by is clearly related to binocularmonocular linking. If a strong binocular -monocular linkage can be made, the monocular area inherits the binocular properties of the binocular area and begins to function like a binocular area, thus leading to quantitative variation according to the size or position of the monocular area. Furthermore, the processes that mediate depth inheritance from binocular to monocular areas might provide clues for eye of origin differences in perceived three-dimensionality of monocular dots. dots are invalid, because the opaqueness of the binocular surface prevents half-occlusion interpretation and for this reason they are seen near the binocular surface. Invalid dots might be processed by another heuristic localization principle that resembles the equidistance tendency presented by Gogel (1956) . It has been also suggested that the 'so called' invalid object might be an example of situation with strong back and weak front illumination. In such a configuration one-eyecamouflage may arise from silhuettes and thus an unpaired object would be perceived Nakayama, 1996) .
The differences between valid and invalid monocular dots can be re-evaluated if binocular-monocular linking is considered as an explanation. There may be no need to interpret the other set of binocular-monocular configurations as invalid or silhuette only because they are not seen further away. We suggest that the equidistant localization of 'invalid' configurations is also determined by half-occlusion interpretation. If a monocular dot, only seen by the left eye is on the right side of a binocular surface or a monocular dot only seen by right eye is on the left side of a binocular surface, this configuration could be produced by an assumed half-occluding surface that is nearer than the binocular and monocular parts of the figure. If the additional nearer half-occluding surface were present, the equidistance tendency would be explained by half-occlusion caused by it (Fig. 11c) . It has been demonstrated that a valid monocular object can induce a stereoscopic surface , so an invalid object might also induce one.
Explaining the depth differences in valid and invalid dots as an example of binocular monocular linking is supported by earlier research. In the experiments conducted by Häkkinen and Nyman (1996) , the perceived three-dimensional position of both valid and invalid dots was affected by the relation of half-occluding surface and the perceived background. If the half-occluding surface was in near depth, the resulting discontinuity interpretation was steep, i.e. the valid monocular dots that were interpreted as half-occluded receded quickly towards the background when they were horizontally increasingly far away from the half-occluding surface. However, also invalid dots were similarly affected, i.e. they did not remain equidistant with the adjacent binocular surface but were also seen as further away than the adjacent surface. The steepness of depth localization curves obtained both from valid and invalid dots were a function of the crossed disparity of the half-occluding surface. This result may reflect processing of binocular-monocular inheritance, when the crossed disparity of the surface is large and the unambiguously defined background is perceived behind the surface, the invalid dot does not stay at the level of the surface but rather recedes towards the background. We suggest that the equidistance perception vanishes be According to Nakayama and Shimojo (1990) monocular dots are perceived differently when they are shown to left or right eye. If the monocular object is on the right side of the half-occluding surface and is shown to the right eye only or if it is on the left side of the half-occluding surface and is shown to left eye only, the monocular dot is seen further away than the half-occluding surface (Fig. 11a ). Nakayama and Shimojo interpret this as an example of the visual system using information about typical half-occlusion configurations derived from the natural world to solve ambiguous stimuli. On the other hand, if the monocular object is on the right side of the half-occluding surface and is shown to the left eye only or if it is on the left side of the half-occluding surface and is shown to right eye only, the monocular dot is seen at the same depth level or nearer than the half-occluding surface (Fig. 11b) . Nakayama and Shimojo explain this difference as an example of ecological occlusion constraints that are used by stereo processing. The monocular objects that can be interpreted as being half-occluded by the adjacent surface are ecologically valid and are seen further away than the binocular surface. The other monocular cause the configurational information in this case reduces the possibility of an assumed nearer surface. Our interpretation is supported by the results from configurations in which the binocular surface was at the fixation plane or in uncrossed disparity, and the invalid dots were seen equidistant or nearer than the binocular surface (Häkkinen & Nyman) . In those configurations, it is easier to assume an adjacent occluding surface that provides cues for binocular -monocular continuity.
Capture as rematching
The stereo capture effect can be conceptualized as a spreading of rematchings that is initiated by significant segmentation features (Häkkinen et al., 1998) . During rematching the stereo matchings that localize the texture to the fixation plane are broken and new matchings are formed. The segmentation features can also reduce the possibility of rematching, as in Fig. 3a in which supporting bars anchor some areas of the background texture to fixation plane. They can even prevent some dots from being matched, as in all the capture stereograms in which the dot column immediately outside the near illusory surface has to remain monocular so that depth discontinuity can be seen. Our experiment demonstrates that a phantom surface was strong enough to initiate this rematching process that spreads inside the central area. Because half-occlusion can change stereo matchings, it is probable that half-occlusion processing is an integral part of the early stereo processing. The early involvement of half-occlusion processing is supported by the fact that eye of origin information which is crucial for half-occlusion perception, is not preserved after V1 (Burkhalter & Van Essen, 1986; Lennie, 1998) , so important parts of halfocclusion based segmentation should be done when the eye of origin information is still available. Also, stereo matching is processed in complex cells of V1 (Ohzawa, DeAngelis, & Freeman, 1997) , so rematching should be related to these processes. However, the matter is complicated by the surface formation processes which are located in V2, as experiments with illusory surfaces indicate . The final perception reflects the interaction of these processes, but their exact form remains unknown. Recent results have demonstrated that surprisingly complex features, like movement (Berry, Brivanlou, Jordan, & Meister, 1999) or amo- dally completed bars (Sugita, 1999) are processed in the earliest levels of visual processing, so it is viable that also monocular-binocular segmentation could be explained by early processes. Further research on this phenomenon is clearly needed.
